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1. Introduction
In RAN1#61 meeting in Montreal, a contribution on R-PDCCH design with CRS was presented (R1-103426) and a reflector email discussion was set-up until RAN1#61bis to understand the proposals in detail and make progress on the topic. As part of the discussion, four modes of R-PDCCH design were identified. 

· Mode 1-1: Pure Rel-8 based REG-level interleaving where the set of semi-statically assigned PRBs determines the bandwidth used for blind decoding.
· Mode 1-2: Rel-8 based REG-level interleaving where the bandwidth used for blind decoding is determined by the entire set plus one or more subsets from the semi-statically assigned PRBs.  
· Mode 1-3:  Rel-8 based REG-level partial interleaving where the bandwidth used for blind decoding is determined by one or more partitions within a set of semi-statically assigned PRBs and each partition is separately interleaved.
· Mode 2: No interleaving across R-PDCCHs in a PRB. 
We use the above terminology for the discussion of the above modes. 

2. Discussion

The four modes of CRS-based R-PDCCH design are discussed in detail in the Annex A of this contribution. For convenience, the main observations regarding the different modes are list below.

Key characteristics of Mode 1-1, include
· Advantages include 1) Full reuse of Rel-8 PDCCH design, 2) Very limited spec impact (Still need Mode 2 for DRS-based design), 3) Manageable BD complexity. Moreover, Relay may anyways be configured to decode Rel-8 PDCCH for initial configuration. 

· Disadvantage includes 1) Resource inefficiency, 2) lack of frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs, but perhaps not crucial. 

Key characteristics of Mode 2, include
· Advantages - 1) Most resource efficient amongst all four Modes, 2) Limited spec impact as it covers both DRS and CRS – based design, 3) Easy to manage BD complexity

· Disadvantages – One perceived disadvantage is the lack of interference randomization, but since R-PDCCH occupies resource in PDSCH region, can rely on data interference coordination techniques.  

Key characteristics of Mode 1-2, include
· Advantages-Slightly better resource efficiency relative to Mode 1-1, but worse than Mode 2

· Disadvantages - Increased BD complexity and spec complexity relative to Mode 1-1 and Mode 2, Larger spec impact as Mode 1-2 has to be specified in addition to the Mode 2 (Mode 2 required for DRS-based R-PDCCH design.), Potential lack of frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs. 

Key characteristics of Mode 1-3, include
· Advantages  - Slightly better resource efficiency relative to Mode 1-1, but worse than Mode 2. Potential for frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs, but largely dependent on the partition configuration

· Disadvantages - Increased BD complexity and spec complexity relative to Mode 1-1 and Mode 2, Larger spec impact as Mode 1-3 has to be specified in addition to the Mode 2 (Mode 2 required for DRS-based R-PDCCH design.)
3. Observations and Proposals

The previous section and Annex A discussed some details of the four modes for R-PDCCH. Each of the four modes individually can provide an adequate R-PDCCH design. Therefore, the first proposal in this paper is that only one Mode for CRS based R-PDCCH design from both specification and implementation simplicity.

Proposal 1: Support only one Mode for CRS based R-PDCCH design. 

When the four modes are compared with each other, Modes 1-1 and Mode 2 can individually provide all the desirable features required for an R-PDCCH design, in terms of resource flexibility, blind decoding capability, specification complexity, etc. While Mode 1-1 has the advantage of being the simplest to specify given its closeness to Rel-8 PDCCH design, Mode 2 has the advantage of being applicable to the DRS based R-PDCCH. Modes 1-2 and Mode 1-3 can also provide the desired features, but appear to be more complex relative to Modes 1-1 or Mode 2. Therefore, the second proposal in this paper is to select either Mode 1-1 or Mode 2 as the mode for CRS-based R-PDCCH design. 

Proposal 2 : Select either Mode 1-1 or Mode 2 for CRS-based R-PDCCH design.  

Furthermore if it is agreeable to converge on one choice in RAN1#61bis, 
Proposal 3 : Support only Mode 2 for CRS based R-PDCCH design 
4. Conclusions

This document discussed four modes of CRS-based R-PDCCH design. In conclusion, the following is proposed for R-PDCCH design:
Proposal 1: Support only one Mode for CRS based R-PDCCH design. 
Proposal 2: Select either Mode 1-1 or Mode 2 for CRS-based R-PDCCH design.  

Proposal 3: Support only Mode 2 for CRS based R-PDCCH design 
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5. Annex A  : Detailed Discussion of Four Modes for CRS-based R-PDCCH design
The four possible modes for R-PDCCH design are discussed below. It is noted that based on the discussion so far, Mode 1-1 and Mode 2 are well-understood whereas Mode 1-2 and 1-3 require more clarification, especially since they rely on additional terminology such as partitions and subset of the semi-statically assigned PRBs.  While Mode 2 also relies on partitions, the partitions in Mode 2 are well-defined given the R-PDCCH is multiplexed at PRB level. 

5.1. Mode 1-1 

A set of semi-statically assigned PRBs is signaled to the RNs. The number of PRBs in the set indicates a virtual system bandwidth, that is less than or equal to the system bandwidth signaled on the PBCH. In terms of design, 

· The R-PDCCH resembles a Rel-8 control region (devoid of PCFICH, PHICH) occupying the virtual system bandwidth, with the full re-use of DCI formats, CCE definitions, REG-level interleaving. 

· Each RN can search the Common Search Space (CSS) and can additionally search RN-specific search space that is equivalent to the UE-specific search space. If the control region has unoccupied REGs or CCEs, these may be left empty or incorporated suitably when defining the search space. 

· Without any simplifying assumptions, the total number of blind decoding is around 88 (assuming 44 BDs in the first slot and 44 BDs in the second slot). The BDs can be reduced further because the DL grants appear only on the first slot and the UL grants appearing on the second slot only. For instance, in the second slot, the RN does six BDs for DCI 0 grants in CSS and 12 BDs in the RN-SS. In the first slot, the RN can do 44 BDs, leading to 44 + 6+12 = 62 BDs.  
· One disadvantage of Mode 1-1 is that there may be some resource inefficiency. This happens because the R-PDCCH is dimensioned semi-statically while the occupancy of the CCEs in the R-PDCCH region varies dynamically. In this case, there may be an advantage if the eNB can use some of the semi-static PRBs reserved for R-PDCCH transmission for scheduling UEs. However, the resource inefficiency may not be a big concern given that the relays are wireless backhauling through the eNB and there may be regular on-going transfer of messages to maintain the eNB-RB connection. In any case, the eNB can re-configure the virtual system bandwidth to minimize the resource inefficiency.
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Figure 1. Mode 1-1 with system BW = 25 RBs, Virtual system Bandwidth for R-PDCCH = six contiguous PRBs. 
The Blind decoding complexity for Mode 1-1 for two transmission modes is shown Table 1. Note that the BD complexity can be further reduced to match Rel-8 levels (44 BDs) by making simplifying assumptions. On the other hand, it is also possible to additionally allow 1CCE and 2 CCE hypotheses in the CSS to avoid defining an RN_specific search space or define an RN-specific search space based on a simple hashing function (odd-even hashing function). 
Table 1. Blind decoding complexity for Mode 1-1 System BW = 25 PRBs. 
	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	 

	
	44
	12+12
	 

	
	0
	0
	 

	
	0
	0
	 

	
	
	 
	 

	Max #BD per Tmode=
	68
	 

	Maximum #BD over 2 Tmodes = 136


In summary, key characteristics of Mode 1, include
· Advantages include 1) Full reuse of Rel-8 PDCCH design, 2) Very limited spec impact(Still need Mode 2 for DRS-based design), 3) Manageable BD complexity. Moreover, Relay may anyways be configured to decode Rel-8 PDCCH for initial configuration. 

· Disadvantage includes 1) Resource inefficiency, 2) lack of frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs, but perhaps not crucial. 

5.2. Mode 2

In Mode 2, a set of semi-statically assigned PRBs is signaled to the RNs. There is no interleaving across R-PDCCHs in a PRB, i.e. within a PRB; there is no mixing of R-PDCCHs for different RNs. In terms of design, 
· The R-PDCCH for each RN occupies one or more PRBs with the set of smi-statically assigned PRBs. There is full re-use of DCI formats. The CCE definition is simplified as each CCE can be defined as occupying available REs in a PRB within a slot (of course the first slot has lesser number of available OFDM symbols relative to the second slot). 

· Mode 2 offers maximum resource efficiency as the eNB can choose to dynamically assign the PRBs to either an RN or a UE. Since the R-PDCCHs for different RNs are multiplexed in different PRBs, Mode 2 allows to use as few PRBs for scheduling each RN as possible. 

· Mode 2 design can be facilitate an R-PDCCH to span one or more PRBs. By suitably defining search space, both frequency-diverse (R-PDCCH assigned to frequency-diverse PRBs) and frequency-selective scheduling (R-PDCCH assigned to contiguous PRBs) can be enabled.

· Since Mode 2 is likely to be adopted as the only choice DRS-based R-PDCCH design, it is very advantageous to also adopt Mode 2 as the only choice for CRS-based R-PDCCH design.
· One perceived disadvantage of Mode 2 is the lack of interference randomization. This is not a significant factor since the R-PDCCH occupies the resources within the PDSCH region in Rel-8/Rel-9. Therefore, the PDSCH interference coordination techniques from Rel-8/9 can be fully utilized in conjunction with Mode 2. 
Figure 2 shows an illustration of Mode-2 based R-PDCCH for CRS for 5 MHz. For simplicity the two slots are shown to be of equal duration, but it is understood that the R-PDCCH occupies smaller number of OFDM symbols in the first slot. The possible R-PDCCH assignments can span 1 RB, 2 RBs or 4 RBs. 
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Figure 2. Mode 2 with system BW = 25 RBs. The DL grants occupy the first slot (1,2,4 PRBs) and UL grants occupy the second slot (occupying 1,2,4) PRBs. 

The Blind decoding set-up for Mode 2 is illustrated in Table 1, assuming the eNB semi-statically configures six PRBs for R-PDCCH transmission. In this approach, with two transmissions, and a grant spanning one, two or four PRBs, the total number of BDs is approximately 56. Note that the BDs for R-PDCCH spanning two or four PRBs can be further divided to allow both frequency-diverse and frequency-selective R-PDCCH transmissions. 

Table 2. Example 1 - Blind decoding complexity for Mode 2 System BW = 25 PRBs (or any other system BW). 

	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	

	1
	6
	6
	

	2
	6
	6
	

	4
	2
	2
	

	
	
	
	

	Max #BD per Tmode=
	28
	 

	Maximum #BD over 2 Tmodes = 56


For Mode 2, if more number of BDs can be accommodated, it is possible to avoid signaling of the semi-static set of PRBs atleast at small system bandwidths. For larger system BWs, (20 MHz, 100 PRBs) the set of PRBs that R-PDCCH occupies may be signaled explicitly, while for smaller system BWs (5 MHz or less), the set of PRBs could be defined to potentially span the entire DL system BW. In such an example, the BD budget may be defined as in Table 2 below. The actual set-up of the search space (e.g. how to define the 12 BDs for 2 PRBs, etc) may need to be specified or defined apriori. 

It is possible to reduce the average number of BDs overall by implicitly associating DL and UL search spaces for a given RN. For example, if an RN finds a DL grant in an R-PDCCH in a set of PRBs in a the first slot, then the UL grant for the same RN may be sent in the second slot in the same set or a subset of PRBs. 

Table 2. Example 2- Blind decoding complexity for Mode 2 System BW = 25 PRBs. 
	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	 

	1
	25
	25
	 

	2
	12
	12
	 

	4
	12
	12
	 

	
	
	 
	 

	Max #BD per Tmode=
	98
	 

	Maximum #BD over 2 Tmodes = 196


In summary, key characteristics of Mode 2, include
· Advantages - 1) Most resource efficient amongst all four Modes, 2) Limited spec impact as it covers both DRS and CRS – based design, 3) Easy to manage BD complexity

· Disadvantages – One perceived disadvantage is the lack of interference randomization, but since R-PDCCH occupies resource in PDSCH region, can rely on data interference coordination techniques.    
5.3. Mode 1-2 

Rel-8 based REG-level interleaving where the bandwidth used for blind decoding is determined by the entire set plus one or more subsets from the semi-statically assigned PRBs.  In terms of design, 

· The R-PDCCH resembles a Rel-8 control region (devoid of PCFICH, PHICH) occupying the virtual system bandwidth, with the full re-use of DCI formats, CCE definitions, REG-level interleaving. However, this virtual system bandwidth is a dynamic quantity and can vary on sub-frame basis.  Thus, for example, the maximum virtual system bandwidth may be defined as 24 PRBs and the one or more subsets may be defined as occupying 2 PRBs, 6 PRBs, 12 PRBs. 

· Each RN can search the Common Search Space (CSS) and can additionally search RN-specific search space that is equivalent to the UE-specific search space. If the control region has unoccupied REGs or CCEs, these may be left empty or incorporated suitably when defining the search space. 

· Without any simplifying assumptions, for Mode 1-2, the total numbers of BDs scale linearly with the number of potential virtual system BWs. Thus, with four virtual system BWs to search over, the total number of BDs may be as high as 4 x 44 x 2 = 352. Similar to Mode 1-1 the number of BDs can be reduced further. However, the BD complexity of Mode 1-2 is always larger than that of Mode 1-1 since by definition, Mode 1-2 has atleast two virtual system BWs. 

· Mode 1-2 has the same disadvantage as Mode 1-1 with regards to the resource inefficiency. However, Mode 1-2 has a slight advantage as it can better utilize the PRBs at the cost of increased Blind decoding complexity. For a fixed Blind decoding complexity , it is unclear if Mode 1-2 can provide any benefit over Mode 1-1. 
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Figure 3. Illustration of Mode 1-2 with system BW = 25 RBs. The DL grants occupy the first slot and UL grants in second slot (R-PDCCH can span 6, 12, 18, 25 PRBs). 

The Blind decoding complexity for Mode 1-2 for two transmission modes is shown Table 4. Note that the BD complexity can be further reduced but it will still be quite high compared to that achievable for Mode 1-1. 
Table 4. Blind decoding complexity for Mode 1-2 System BW = 25 PRBs. 
	5MHz RN Scheduling Region - Max #BD

	 
	 
	 
	 

	#PRB
	DL-#BD
	UL-#BD
	 

	
	44
	12+12
	 

	
	0
	0
	 

	
	0
	0
	 

	
	
	 
	 

	Max #BD per Tmode per virtual Sys BW =
	68
	 

	Maximum #BD over 2 Tmodes and four virtual system BW = 68* 4 = 272


In summary, key characteristics of Mode 1-2, include
· Advantages -Slightly better resource efficiency relative to Mode 1-1, but worse than Mode 2

· Disadvantages - Increased BD complexity and spec complexity relative to Mode 1-1 and Mode 2, Larger spec impact as Mode 1-2 has to be specified in addition to the Mode 2 (Mode 2 required for DRS-based R-PDCCH design.), Potential lack of frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs. 
5.4. Mode 1-3

Rel-8 based REG-level partial interleaving where the bandwidth used for blind decoding is determined by one or more partitions within a set of semi-statically assigned PRBs and each partition is separately interleaved.

Mode 1-3 as defined appears similar to Mode 1-2 in that the R-PDCCH may be transmitted using a subset of the semi-statically assigned PRBs. However, unlike the one single R-PDCCH region for all RNs in Mode 1-2, the Mode 1-3 defines multiple partitions and each partition is separately decodable. Furthermore, there are several unspecified details regarding the Mode 1-3, 

It is unclear if the partitions occupy disjoint PRBs or the same set of PRBs. Since the eNB semi-statically signals only one set of PRBs for R-PDCCH, it is likely that both overlapped and non-overlapped partitions are necessary. 
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Figure 4. Illustration of Mode 1-3 with system BW = 25 RBs. The DL grants occupy the first slot and UL grants in second slot (R-PDCCH can occupy four partitions - 6, 12, 6, 25 PRBs).
In summary, key characteristics of Mode 1-3, include
· Advantages  - Slightly better resource efficiency relative to Mode 1-1, but worse than Mode 2. Potential for frequency-selective scheduling for R-PDCCH within the set of semi-static set of PRBs, but largely dependent on the partition configuration

· Disadvantages - Increased BD complexity and spec complexity relative to Mode 1-1 and Mode 2, Larger spec impact as Mode 1-3 has to be specified in addition to the Mode 2 (Mode 2 required for DRS-based R-PDCCH design.)
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